Obesity and obstructive sleep apnea tend to coexist and are associated with inflammation, insulin resistance, dyslipidemia, and high blood pressure, but their causal relation to these abnormalities is unclear.
A vailable clinical data derived largely from observational studies link obstructive sleep apnea 1 to proatherosclerotic risk factors, including insulin resistance, 2 dyslipidemia, hypertension, 3 and inflammation. 4 Obesity and obstructive sleep apnea are strongly associated. [5] [6] [7] [8] Like obstructive sleep apnea, obesity is linked to insulin resistance, 6 dyslipidemia, 9 hypertension, 9, 10 and inflammation. 10 However, the relative causal roles that obstructive sleep apnea and obesity play in these abnormalities is unclear. 6, 11, 12 The interrelationships between obesity and obstructive sleep apnea are complex and bidirectional, and they cannot be confidently discerned in observational studies. Randomized trials have shown the beneficial effects of weight loss on cardiovascular risk factors. However, even modest reductions in body weight are associated with changes in obstructive sleep apnea, with a 10% reduction in body weight predicting an approximate change of 26 to 32% in the apnea-hypopnea index (AHI). 13 Previous trials assessing the effects of weight loss on cardiovascular risk factors have neither assessed the effect of sleep-disordered breathing nor included a controlled intervention for obstructive sleep apnea. Conversely, trials of continuous positive airway pressure (CPAP) therapy have not included a control intervention for obesity. Furthermore, the incremental benefit of a weight-loss intervention plus CPAP as compared with each intervention alone in reducing cardiovascular risk factors is unknown. We evaluated the incremental effect of CPAP combined with a weight-loss intervention over the effect of each intervention alone on subclinical inflammation, insulin resistance, dyslipidemia, and blood pressure in patients with obesity and obstructive sleep apnea.
Me thods

Study Design
In this randomized, parallel-group, 24-week trial, we compared the effects of CPAP, weight loss, or both CPAP and weight loss in adults with obesity (body-mass index [the weight in kilograms divided by the square of the height in meters], ≥30), moderate-to-severe obstructive sleep apnea (AHI, ≥15 apnea or hypopnea events per hour), and a serum level of C-reactive protein (CRP) greater than 1.0 mg per liter. Detailed criteria for inclusion and exclusion are provided in Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org.
Potential participants were screened with the use of a home-based sleep monitor (ApneaLink, ResMed) for 1 or 2 nights. If this test yielded an AHI score of 10 or more events per hour, we performed 12-channel diagnostic polysomnography in the sleep laboratory for a full night. Patients with a polysomnogram that showed an AHI of 15 or more events per hour were randomly assigned to a study group. Randomization was conducted with a permuted-block design, with stratification according to sex, status with respect to statin use, and enrollment site (the Hospital of the University of Pennsylvania or the Philadelphia Veterans Affairs Medical Center).
The study was approved by the institutional review boards of the University of Pennsylvania and the Philadelphia Veterans Affairs Medical Center. Participants provided written informed consent. ApneaLink devices and CPAP machines were provided at no cost by ResMed, which had no role in study design, data accrual or analysis, or manuscript preparation. The first and last authors vouch for the accuracy and completeness of the data and for the fidelity of the study to the protocol.
Interventions
In the CPAP and combined-intervention groups, participants underwent an overnight in-laboratory sleep study to allow for individual calibration of the CPAP therapy each participant would receive. Nightly CPAP therapy was provided thereafter through a fixed-pressure or autoadjusting CPAP device (ResMed). Adherence to CPAP therapy was monitored weekly by means of a wireless router attached to the CPAP device (ResTraxx, ResMed).
Participants in the weight-loss group and those in the combined-intervention group had individual weekly counseling sessions. The goals for caloric intake were set at 1200 to 1500 kcal per day for participants weighing less than 114 kg and at 1500 to 1800 kcal per day for those weighing 114 kg or more. Dietary composition was aligned with recommendations from the National Cholesterol Education Program (NCEP). Selfselected foods within the framework of the NCEP diet were prescribed for the first 2 weeks. For weeks 3 to 19, a more structured diet was pre-scribed, including two to three liquid-meal replacements per day. 14 Unsupervised exercise was initiated at week 4, starting with four 15-minute weekly sessions that increased progressively to four 50-minute weekly sessions by week 15. This target for level of activity was chosen because of its association with long-term maintenance of weight loss. Cognitive-behavioral strategies, including self-monitoring, goal setting, stimulus control, problem solving (to address problems with adherence to recommendations on diet and exercise), and relapse prevention, were used to facilitate and maintain weight loss. 15
Study Assessments and End Points
Assessments were performed at baseline and at 8 and 24 weeks after the initiation of therapy. Serum levels of CRP and lipoproteins were measured after an overnight fast. Insulin sensitivity was assessed with the use of the frequently sampled intravenous glucose-tolerance test, which allowed for calculation of the insulin sensitivity index with Bergman's minimal model. 16 (Analytic methods are described in detail in the Supplementary Appendix.)
The primary end point was the serum CRP level. Secondary end points included insulin sensitivity and atherogenic dyslipidemia (determined by measuring serum levels of triglycerides, highdensity lipoprotein [HDL] cholesterol, low-density lipoprotein [LDL] cholesterol, and LDL-particle concentration). Exploratory end points included systolic blood pressure, mean arterial pressure, pulse pressure, and HDL-particle concentration.
Statistical Analysis
Our primary analysis was based on a modified intention-to-treat population, defined for the purposes of the study as all participants who were randomly assigned to a study group and for whom there was at least one observation after randomization. Additional per-protocol analyses were performed to investigate the causal relation between obstructive sleep apnea or obesity and underlying metabolic abnormalities. These analyses were based on the principle that any incremental benefit of weight loss combined with effective CPAP treatment, as compared with the benefit of effective CPAP treatment alone, can be attributed to effects of obesity that are independent of the effects of obstructive sleep apnea. Conversely, any incremental benefit of effective CPAP therapy combined with weight loss, as compared with weight loss alone, can be attributed to effects of obstructive sleep apnea that are independent of the effects of obesity. For these assumptions to be valid, the estimation of between-group differences requires actual reductions in body weight and obstructive sleep apnea. Accordingly, our perprotocol analyses were restricted to participants who met minimum requirements for weight loss (at least 5% of baseline weight) and adherence to CPAP therapy (use for an average of at least 4 hours per night on at least 70% of the total number of nights). On the basis of previous studies evaluating the effects of CPAP therapy alone 17 and weight loss alone 18 on CRP levels, we powered the trial to detect standardized between-group differences in the change from the baseline CRP level of at least 0.53 mg per liter in the modified intentionto-treat population and at least 0.79 mg per liter in the per-protocol population, with 90% power, allowing for a type I error rate of 0.05.
The effects of the interventions on end points were analyzed with the use of general linear mixed models, with all measurements available at 24 weeks used to estimate intervention effects. 19 Restricted maximum-likelihood estimation was used, and an unstructured covariance matrix was specified to adjust for within-participant clustering resulting from the repeated-measures design. Individual measures of growth were modeled as a function of randomly assigned group, time, and the interaction between group and time.
The primary comparisons of interest were the 24-week change in the CRP level among participants in the modified intention-to-treat population who were assigned to the combined intervention as compared with the changes among those assigned to CPAP alone and those assigned to weight loss alone. To account for two primary comparisons, a Bonferroni-adjusted significance level was set at 0.025 for each comparison. All other analyses were considered secondary, with a nominal significance level of 0.05. Accordingly, any nominally significant P values in secondary analyses should be interpreted conservatively, given an increased type I error rate introduced by multiple comparisons. Considering the number of comparisons made for a total of 10 end points, up to two significant tests of incremental benefit (P<0.05) would be expected on the basis of chance alone in each of the study populations analyzed (the modified intention-to-treat and perprotocol samples). Although this study was not designed to compare the effects of CPAP alone and weight loss alone, we also provide the results of exploratory analyses for these pairwise comparisons. Data on the CRP level were log-transformed because of their skewed distribution. Analyses were performed with SAS software, version 9.2 (SAS Institute).
R esult s
Study Participants
A total of 544 persons were screened and 181 underwent randomization ( Fig. 1 ). Baseline characteristics were similar among the three groups (Table 1 ). Of the 181 participants, 35 dropped out of the trial before the follow-up visit at 8 weeks, and an additional 10 participants dropped out after that visit; a total of 136 participants completed the study. The modified intention-to-treat analyses included the 146 participants who underwent at least one assessment for the study end points after the initiation of therapy. The decline in body weight was similar in the weight-loss and combined-intervention groups (6.8 kg and 7.0 kg, respectively); there was no discernible decline in body weight in the CPAP group ( Fig. S1A in the Supplementary Appendix). The average duration of CPAP use was 4.0 hours per night, with no significant differences between the CPAP and combined-intervention groups. Among all three groups, the adherence criteria for inclusion in the per-protocol analyses were met by 90 participants: 39 in the CPAP group, 27 in the weight-loss group, and 24 in the combinedintervention group. (Table S2 in the Supplementary Appendix shows the baseline characteristics of participants who met the prespecified adherence criteria.)
CRP Levels
The combined interventions did not have a significant incremental effect on CRP levels, as compared with either weight loss alone or CPAP alone, in either the modified intention-to-treat population ( Fig. 2A) or the per-protocol population (Fig.  2B) . In both the modified intention-to-treat population and the per-protocol population, the latter comprising participants who met prespecified adherence criteria, the CRP level was significantly reduced at 24 weeks in the weight-loss and combined-intervention groups but not in the CPAP group, and the reduction in the CRP level was greater in the weight-loss group than in the CPAP group.
Insulin Sensitivity
In the modified intention-to-treat analyses, insulin sensitivity increased in the weight-loss and combined-intervention groups at 24 weeks but not in the CPAP group. The increase in insulin sensitivity was significantly greater in the combined-intervention group than in the CPAP group (Fig. 3A ), but the difference between the combined-intervention group and the weight-loss group was not significant. The results of the per-protocol analyses were similar (Fig. 3A) .
Dyslipidemia
In the modified intention-to-treat population, the reduction in serum triglyceride levels at 24 weeks was greater in the combined-intervention group than in the CPAP group; there was no significant difference in the change in triglyceride levels between the combined-intervention group and the weight-loss group (Fig. 3B) . The results were similar in the per-protocol population (Fig. 3B ). Serum triglyceride levels were significantly reduced at 24 weeks in the weight-loss and combinedintervention groups but not in the CPAP group.
Changes in LDL cholesterol levels at 24 weeks did not differ significantly among the three study groups in either the modified intention-to-treat population or the per-protocol population (Fig. S1B in the Supplementary Appendix). In the modified intention-to-treat population, a reduction in LDL cholesterol levels was observed in the weightloss group. In the per-protocol population, LDL cholesterol levels were reduced in the combinedintervention group and the weight-loss group but not in the CPAP group. Changes in HDL cholesterol levels from baseline to 24 weeks were similar among the three study groups (Fig. S1C in the Supplementary Appendix). There was no significant change in HDL cholesterol levels at 24 weeks in any of the study groups. The findings for LDL-particle and HDL-particle concentrations ( Fig. S1D and S1E in the Supplementary Appendix) were similar to those for LDL and HDL cholesterol levels, respectively. 
Blood Pressure
In the modified intention-to-treat population, systolic blood pressure was reduced at 24 weeks in all three study groups (Fig. 3C) , with no significant between-group differences. In the per-protocol population, the reduction in systolic blood pressure at 24 weeks was greater in the combined-intervention group (14.1 mm Hg) than in the weight-loss group (6.8 mm Hg) and the CPAP group (3.0 mm Hg) ( Fig. 3C ). Mean arterial pressure also decreased in all three study groups in the modified intention-to-treat population, with no significant between-group differences (Fig. S2A in the Supplementary Appendix). In the per-pro- tocol population, the reduction in mean arterial pressure was significantly greater in the combinedintervention group than in either the weight-loss group or the CPAP group. In the modified intention-to-treat population, pulse pressure was significantly reduced at 24 weeks only in the combined-intervention group, and there were no significant between-group differences (Fig. S2B in the Supplementary Appendix). In the per-protocol population, the reduction in pulse pressure was greater in the combined-intervention group and weight-loss groups than in the CPAP group.
Sensitivity Analyses
We performed sensitivity analyses in which the baseline value was carried forward for participants in the modified intention-to-treat population who had missing follow-up data because of early withdrawal from the study ( Table S4 in the Supplementary Appendix). These analyses showed within-group changes that were less pronounced than those observed in the primary analysis, but the trends were similar.
Adverse Events
Nasal or sinus congestion, nostril irritation, or other upper respiratory symptoms were reported in 10 participants in the CPAP group, 9 participants in the weight-loss group, and 10 participants in the combined-intervention group. Other adverse events were much less common ( Table S5 in the Supplementary Appendix). No serious adverse events occurred that were related to the study interventions or to study participation.
Discussion
In this randomized trial, CPAP combined with weight loss did not have a significant incremental effect on CRP levels, as compared with either CPAP alone or a weight-loss intervention alone. Secondary analyses, which should be interpreted conservatively, showed that weight loss had an incremental effect on insulin resistance and serum triglyceride levels, as compared with CPAP, but no significant incremental effects on these end points were observed with combination therapy as compared with the weight-loss intervention alone. In exploratory analyses, the combination of CPAP and the weight-loss intervention was associated with a larger reduction in blood pressure than was either intervention alone among participants who adhered to the therapeutic regimen.
As reported in previous studies, weight loss significantly reduced CRP levels, insulin resistance, dyslipidemia, and blood pressure. [20] [21] [22] In contrast, CPAP therapy did not have a significant effect on CRP level, insulin sensitivity, or dyslipidemia, even among participants who adhered to the therapy. Cross-sectional observational studies 4, 23 and prospective observational studies [24] [25] [26] [27] have yielded conflicting results regarding the role of obstructive sleep apnea in inflammation, but the two largest observational studies did not show a reduction in CRP levels after 9 to 12 months of CPAP therapy in patients with obstructive sleep apnea. 26, 27 Similarly, short-term observational studies 28, 29 have suggested an improvement in insulin resistance with CPAP therapy 30 ; however, a crossover trial, 31 in which insulin resistance was measured with the use of homeostatic model assessment, an indirect index of hepatic insulin sensitivity, did not show changes in insulin resistance after 6 to 12 weeks of CPAP therapy, even among participants who adhered to the treatment regimen. Using the frequently sampled intravenous glucose-tolerance test, which measures whole-body insulin sensitivity, 32 we found that CPAP monotherapy did not improve insulin sensitivity or enhance the improvement in insulin sensitivity associated with weight loss. In contrast, weight loss, with or without CPAP, increased insulin sensitivity. CPAP monotherapy for 24 weeks also did not improve dyslipidemia in our trial, a finding that is consistent with the results of a recent randomized trial, which showed no significant changes in total cholesterol levels after 24 weeks of CPAP therapy. 33 Unlike the other cardiovascular risk factors we assessed, blood pressure decreased in the CPAP, weight-loss, and combined-intervention groups. In analyses including only participants who met the prespecified adherence criteria, a larger reduction was seen in the combined-intervention group than in either the weight-loss group or the CPAP group. Despite the causal relationship between obstructive sleep apnea and hypertension that has been reported in animal models and the epidemiologic association 34 between obstructive sleep apnea and hypertension in humans, improvements in blood pressure with CPAP therapy in clinical studies have been absent or remarkably small, [35] [36] [37] estimated at approximately 1.3 to 3.0 mm Hg in systolic or diastolic blood pressure. However, to the degree that obstructive sleep apnea and CPAP activate similar or overlapping pathophysiological pathways leading to hypertension, it was not possible to clearly separate their direct effects without the inclusion of randomly assigned CPAP and weight-loss interventions, alone and in combination. Our findings suggest that both obstructive sleep apnea and obesity have an independent causal relation to hypertension.
Our study has limitations. We did not include a sham CPAP intervention. However, both sham CPAP and the absence of treatment for obstructive sleep apnea are considered to be adequate controls for an active CPAP intervention. 38 In addition, sham CPAP is not a perfect placebo, since it may result in significant reductions in the number of apnea events, increases in the number of hypopnea events, and a small impairment in sleep quality. 39 We did not include any group in which no therapy was implemented because of ethical considerations and because its inclusion was not needed to test our hypotheses. Our 24-week attrition rate was high (25%). We did not assess ambulatory blood pressure. Finally, our findings cannot be extended to populations with diabetes mellitus or mild obstructive sleep apnea because of our exclusion criteria.
In conclusion, we found that CPAP therapy combined with a weight-loss intervention did not have a significant incremental effect on CRP levels, as compared with either intervention alone. The weight-loss intervention combined with CPAP therapy had an incremental effect on insulin resistance and serum triglyceride levels, as compared with CPAP alone, but no significant incremental effects were detected for combination therapy as compared with the weight-loss intervention alone, even among participants who adhered to the therapeutic regimen. In an analysis that included only participants who adhered to the regimen, the combined interventions resulted in a larger reduction in blood pressure than either CPAP or weight loss alone. Our study shows that a weight-loss intervention is effective as a central component of the strategies used to improve the cardiovascular risk-factor profile in patients with obesity and obstructive sleep apnea.
